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Receive Encrypted Transaction Data that are Encryplted
Using an Encryption Scheme which Provides Additive
Homomorphism, Wherein the Transaction Data b1
Comprise a Plurality of Combinations of Two or More
Elements of a Set of Elements

- Receive Encrypted Query Data that are Encrypted Using the |
~ Encryption Scheme, Wherein the Query Data Comprise af
Least One of an Element and a Combination of Twoor |
More Elements of the Sel of Elements Which are the —— §03
Subject of a Query Seeking a Determination of Whether |
at Least One of the Element and the Combination of Two

or More Elements is Frequent

Compute Addition of the Encrypted Query Data with the

Encrypted Transaction Data M’“’ 605

FIG. 6
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SYSTEM AND METHOD FOR ASSOCIATION
RULE MINING FROM ENCRYPTED
DATABASES

FIELD

The present invention relates to data mining, and more
specifically, to techmques for association rule mining of an
encrypted database.

BACKGROUND

In general, encryption 1s a process by which data are
encoded to enable only those with authorization to access
the data. Unencrypted data, referred to as plaintext, can be
encrypted using cipher, which 1s an encryption algorithm, 1n
order to generate ciphertext, which must be decrypted before
it can be read. Authorized recipients of the data are able to
decrypt the data using a key, which can be provided by the
holder of the data to the authorized recipients.

Database owners are adopting encryption solutions to
protect their critical data. Encryption and the data security
associated therewith become more important when a data-
base 1s hosted 1n a cloud environment. Cloud hosted
encrypted databases provide services such as, for example,
database as a service (DBaaS), and analytics as a service
(AaaS). With DBaaS, a data owner generates a database and
sends 1ts database to the service provider, which then main-
tains the database and provides query processing over the
database. A service provider that provides AaaS provides
analytics software and operations through web-delivered
technologies so that businesses or other enterprises do not
need to develop their own internal hardware setups to
perform business analytics.

Association rules are conditional (e.g., 1f/then) statements
used for determining relationships between data that may be
present 1n a relational database or other type of information
repository. A non-limiting example of an association rule 1s
“If a consumer purchases bread, the consumer 1s 80% likely
to also purchase butter”. As can be seen, an association rule
includes an antecedent (e.g., 11) and a consequent (e.g.,
then). Data mining for association rules (which can be
referred to herein as “association rule mining™”) may be used
in connection with the analysis and prediction of customer
behavior, and/or 1n connection with machine learning.

Association rules can be created based on data that
include frequent antecedent/consequent (e.g., if/then) pat-
terns and support and confidence values to identily note-
worthy relationships. Support 1s an i1ndication of the fre-
quency of items 1n a database, and confidence corresponds
to the number of times the conditional statements have been
determined to be true.

Not all kinds of database services currently include
encrypted databases. For example, while association rule
mimng from a database with plaintext data 1s known,
association rule mining from an encrypted database has not
been performed.

SUMMARY

Embodiments of the invention provide techniques for data
mimng, and more particularly, to association rule mining of
an encrypted database.

According to another exemplary embodiment of the pres-
ent invention, a computer-implemented method comprises
receiving, at a first cloud computing environment, encrypted
transaction data that are encrypted using an encryption
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2

scheme which provides additive homomorphism, wherein
the transaction data comprise a plurality of combinations of

two or more elements of a set of elements, receiving, at the
first cloud computing environment, encrypted query data
that are encrypted using the encryption scheme, wherein the
query data comprise at least one of an element and a
combination of two or more elements of the set of elements
which are the subject of a query seeking a determination of
whether at least one of the element and the combination of
two or more elements 1s frequent, computing addition of the
encrypted query data with the encrypted transaction data,
partitioning a result of the addition of the encrypted query
data with the encrypted transaction data into at least two
subsets comprising different portions of the result of the
addition, transmitting a {irst of the at least two subsets from
the first cloud computing environment to a second cloud
computing environment, and transmitting a second of the at
least two subsets from the first cloud computing environ-
ment to a third cloud computing environment.

Another embodiment of the invention or elements thereof
can be implemented 1n the form of an article of manufacture
tangibly embodying computer readable instructions which,
when implemented, cause a computer to carry out a plurality
of method steps, as described herein. Furthermore, another
embodiment of the invention or elements thereol can be
implemented in the form of an apparatus including a
memory and at least one processor that 1s coupled to the
memory and configured to perform noted method steps. Yet
further, another embodiment of the invention or elements
thereol can be implemented i the form of means for
carrying out the method steps described herein, or elements
thereof; the means can include hardware module(s) or a
combination of hardware and software modules, wherein the
software modules are stored in a tangible computer-readable
storage medium (or multiple such media).

These and other objects, features and advantages of the
present invention will become apparent from the following
detailed description of illustrative embodiments thereot,
which 1s to be read 1n connection with the accompanying
drawings.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

FIG. 1 1s a table illustrating mapping of each element 1n
a set to an mteger such that the self-sum of each element 1s
unique, according to an exemplary embodiment of the
present 1nvention;

FIG. 2A 1s a table illustrating application of an Apriori
algorithm to determine frequency of items, according to an
exemplary embodiment of the present invention;

FIG. 2B 1s a table illustrating application of an Apriori
algorithm to determine frequency of an item set, according
to an exemplary embodiment of the present invention;

FIG. 3 depicts a system for association rule mining from
encrypted databases, according to an embodiment of the
present 1vention.

FIG. 4 1llustrates a system representation of a process for
association rule mining from encrypted databases, according
to an exemplary embodiment of the present invention;

FIG. SA 1s a table illustrating a plurality of transactions,
according to an embodiment of the present invention;

FIG. 5B 1s a table illustrating an encrypted form of the
plurality of transactions from FIG. 5A, according to an
embodiment of the present invention.

FIG. 6 depicts a process for association rule mining from
encrypted databases, according to an exemplary embodi-
ment of the present invention;
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FIG. 7 depicts a computer system in accordance with
which one or more components/steps of techniques of the
invention may be implemented, according to an exemplary
embodiment of the invention;

FIG. 8 depicts a cloud computing environment, according
to an exemplary embodiment of the present invention; and

FIG. 9 depicts abstraction model layers, according to an
exemplary embodiment of the present invention.

DETAILED DESCRIPTION

[lustrative embodiments of the invention may be
described herein 1n the context of illustrative methods,
systems and devices for retrieving association rules from
one or more encrypted cloud databases. However, it 1s to be
understood that embodiments of the mvention are not lim-
ited to the illustrative methods, systems and devices but
instead are more broadly applicable to other suitable meth-
ods, systems and devices.

As used herein, “encryption” or “data encryption” can
refer to the encoding of data 1into a secret code, referred to
as ciphertext. An encryption algorithm 1s used to perform
encryption. A secret key 1s used to decrypt the encrypted
data 1nto understandable form, which 1s referred to as
plaintext, while a public key 1s used to encrypt the plaintext
into ciphertext. Authorized users 1n possession of the secret
key can decrypt the encrypted data.

In accordance with an aspect of the present mnvention, an
encryption scheme is used for cloud database encryption that
provides additive homomorphism. As used herein, a “homo-
morphism” refers to a structure preserving map between two
algebraic structures that preserves the operations of the
structures. For example, a map J: A—B between two sets A,
B 1s equipped with the same structure such that, 1if + 1s an
operation of the structure, then f(x+y)=f(X)+f(y) for every
pair X, v of elements of A. In a non-limiting example,
applying + at the range of the function yields the same as
result mapping aiter applying + at 1ts domain, for example,
if F(x)=2x, then, f(1)+f(2)=2+4=6=F(1+2). As used herein,
“additive homomorphism” refers to a homomorphism which
permits the addition of two ciphertexts without decryption.
An additive homomorphic encryption scheme guarantees
preservation of the addition property over ciphertext. In
some situations, an encryption scheme that provides additive
homomorphism may also provide for the multiplication of a
ciphertext with plaintext without decryption.

A non-limiting example of such an encryption scheme
that provides additive homomorphism includes, Pallier
encryption, but other encryption schemes which provide
additive homomorphism may be used. With Pallier encryp-
tion, the product of two ciphertexts will decrypt to the sum
of their corresponding plaintexts:

(1)

Further, the product of a ciphertext with a plaintext raising
g will decrypt to the sum of the corresponding plaintexts:

D(E(m,r)g™ mod n?)=m+m, mod # (2)

In equations (1) and (2), D refers to a decryption function,
E refers to an encryption function, m refers to a message
(e.g., plaintext data), r refers to randomness where O=r=n (1t
1s required to generate non-deterministic encryptions of
plaintext messages), g refers to a generator of a group in
7. *a, n 1s the product of two large prime numbers p and q
selected randomly and independently of each other such that
gcd(pq,(p-1)(gq-1))=1. Further n divides the order of g.

In accordance with an aspect of the present mnvention,
tederated cloud databases are used to mine the association

D(E(m 7 ) E(m>,r)mod #?)=m,+m- mod »
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rules securely, with a mmimum of 3 federated cloud data-
bases. Collusions of federated cloud databases are permitted,
as long as the number of federated clouds 1s more than 3, and
the number of clusters of federated cloud databases after the
collusions 1s a minimum of 3.

Referring to the table 100 1n FIG. 1, a set of transactions
T 1s assumed, where each transaction 1s a subset of a set S
of cardinality n. A function § maps each element of the set
S to an integer, such that the self-sum of each element in the
set S is unique. In a non-limiting example, S={bread, butter,
jam, milk}, and f(S)={1, 2, 4, 8} (i.e., bread<=1, butter<=2,
jam<>3 and milk<>4. Showing integers {1, 2, 4, 8} repre-
senting the elements are column and row headers 110, 120,
and the numbers 1n each box are the sum of the row and

column 1ntegers corresponding to the box. The highlighted
boxes 130 depict the unique self-sums (1.e., 1+1=2, 2+2=4,
4+4=8 and 8+8=16), which are not repeated 1n the table. The

other shown sums 1n the boxes appear more than once. As

can be seen, the self-sums 130 are unique for the integers 1,
2, 4 and 8.

Referring to FIGS. 2A and 2B, a table 205 illustrates
application of an Aprioni algorithm to determine frequency
of 1tems, and a table 210 illustrates application of an Apriori
algorithm to determine frequency of an item set, according
to exemplary embodiments of the present invention. In a
non-limiting illustrative example, a set S refers to a plurality
of items, such as for example, bread, butter, jam, and milk,
such that S={bread, butter, jam, milk}. A set T refers to a
plurality of transactions for the items 1n set S, such as, for
example purchasing bread and jam 1n a first transaction,
bread and butter in a second transaction, and bread, butter
and milk in a third transaction, where T={{bread, j am},
{bread, butter}, {bread, butter, milk}}.

Based on the function f described in connection with FIG.
1, which maps each element of the set S to an integer, such
that the self-sum of each element in the set S i1s unique,
f(S)={1, 2, 4, 8} (i.e., bread<=1, butter<=2, jame<>4,
milk<=8). Accordingly, assigning the integers to the trans-
actions in set T, f(T)={{1, 4}, {1, 2}, {1, 2, 8}}. Referring
to FIG. 2A, 1n an 1mtial step of an Apriori algorithm, used
for frequent i1tem set and association rule mining over a
plurality of transactions, the L, set 206 of items is {{1}, {2},
14} 181}

Then, 1n order to check which elements are frequent, each
clement of the L, set 206 of items 1s respectively added to
each of the transactions in the set T. For example, {1} is
added to {{1, 4}, {1, 2}, {1, 2, 8} } to result in {{2, 5}, {2,
3},12,3,9}), {2} is added to {{1, 4}, {1, 2}, {1,2, 8}} to
result in {{3, 6}, {3, 4}, {3,4,10}}, {4} is added to {{1, 4},
11,2},41,2,8}} toresultin {45, 8}, 15,6}, 15,6,12}}, and
8 is added to {{1,4}, {1,2}, {1, 2, 8}} to result in {{9, 12},
19, 10}, {9, 10, 16}}, as shown in each row under the
Transactions column 207 1n Table 205. Based on the results
of adding each element of the L, set 206 of items to each of
the transactions in the set T, the count 208 of each respective
clement of the L, set 206 1s determined for the transactions
T. As can be seen by the bolded numbers in each row of the
Transaction column 207, the count of the appearance of the
unique self-sum 1n the transactions 1s determined for a
particular item L. For example, for item {1}, the resulting
three {2} values yield a count of 3, for item {2}, the
resulting two {4} values yield a count of 2, for item {4}, the
resulting one {8} value yields a count of 1, and for item {8},
the resulting one {16} value yields a count of 1.

If minimum support (minsup)=2, which functions as a
threshold to determine whether items are frequent, then
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items {1} and {2} are determined to be frequent because
their counts are greater than or equal to minsup (1.e., 2).

Similarly, referring to Table 210 1n FIG. 2B, 1t 1s deter-
mined that the itemset {1, 2} is also frequent. In the case of
Table 210, the query is whether items {1} and {2} are
frequent together. In order to check whether items {1} and
{21 are frequent together, respective transactions from the
first and second rows of the Transactions column 207 1n
Table 205 are combined. For example, {2, 5} is combined
with {3, 6} to result in {2, 5, 3, 6}, {2, 3} is combined with
13,4} toresultin {2, 3, 4} (3, which repeats is dropped), and
12,3, 9} is combined with {3, 4, 10} to result in {2, 3, 9, 4,
10} (3 which also repeats here is dropped). Based on the
results of the combining, the count 218 of the combination
of {1, 2} is determined for the transactions T. As can be seen
by the bolded numbers in the Transaction column 217, the
count of the appearance of the unique self-sums {2, 4} for
the combination {1, 2} in the transactions is determined for
items L, 216. For example, for items {1, 2} together, the
resulting two {2, 4} values yield a count of 2. If minsup=2,
then items {1, 2} together are determined to be frequent
because the count 1s greater than or equal to minsup (i.e., 2).

In the case of items or itemsets determined to be frequent,
association rules can be created based on data which include
frequent antecedent/consequent (e.g., if/then) patterns to
identily noteworthy relationships including the items and/or
itemsets.

FIG. 3 1s a block diagram of a system for association rule
mimng from encrypted databases, according to an exem-
plary embodiment of the present mnvention. As shown in
FIG. 3 by lines and/or arrows, the components of the system
300 are operatively coupled to each other via, for example,
physical connections, such as wired and/or direct electrical
contact connections, and/or wireless connections, such as,
for example, Wi-F1™, BLUETOOTH®, IEEE 802.11, and/
or networks, including but not limited to, a local area
network (LAN), wide area network (WAN), cellular net-
work, ad hoc networks, WANFT, satellite network or the
Internet.

By way of non-limiting example, 1n accordance with an
embodiment of the present invention, referring to FIG. 3, the
system 300 includes a data engine 310. According to an
embodiment, the data engine 310 1s maintained by an owner
of the data (*data owner™), such as, for example, an orga-
nization, such as, but not necessarily limited to, a business
(c.g., a retaill, wholesale, service businesses), a financial
istitution, educational 1nstitution, a government entity and/
or other entity or enterprise. The data engine 310 includes
one or more internal databases 315 for storing the data, and
mapping and encryption components 311 and 313, which
will be explammed 1n more detail herein below. The data
owner sends one or more database services to at least three
tederated cloud service providers (also referred to herein as
“cloud computing environments™) 320a, 3206 and 320c,
who may provide such services as DBaaS and AaaS. Any
number of clients 301_1-301_z (where z 1s an integer greater
than 1) can access and/or make queries to the data through
theirr computing devices to the cloud service provider 320a.

In accordance with an embodiment of the invention, a
data owner, using the data engine 310, and more specifically
an encryption component 313, encrypts 1ts data prior to
sending database services to cloud service providers 320a-
320c¢. The data owner provides the encrypted data to the
cloud service provider 320a.

More specifically, 1n an illustrative working example, the
data owner has one or more sets S representing a plurality of
items that the data owner sells, and one or more sets of
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transactions associated with the items. In an initialization
step, a mapping component 311 performs a mapping func-
tion f similar to the mapping described in connection with
FIG. 1, which can be realized by finding a 1-1 mapping of
the elements 1n a set S to a set of natural numbers whose
self-sum 1s unique. The mapping component 311 transforms
the transactions 1n a set T to integers based on the function
f. This transformation 1s similar to the transformation of the
transactions to integer combinations based on exponents of
2 (1.e., 2") as described in connection with FIGS. 2A and 2B.

For instance, i keeping with the previously used
example, assuming Bread<>1 and Butter<=2, and a set T
contains two transactions {{Bread}, {Bread, Butter}, then
the transformed transactions will include {{1}, {1, 2} }. It
1s to be understood that embodiments of the present inven-
tion may include a large number of sets S and T comprising,
for example, thousands, millions, billions, etc. of elements
and/or combinations of elements amounting to gigabytes
and terabytes of data, and that the examples used herein are
simplified for ease of explanation.

The encryption component 313 of the data engine
encrypts every integer in the set T using Paillier encryption,
or other encryption scheme that provides additive homo-
morphism, such as, for example, a BGN encryption scheme
and Levelled Fully homomorphic encryption, in order to
generate the encrypted set T'. As shown 1n FIG. 4, which
illustrates a system representation of a process for associa-
tion rule mining from encrypted databases, according to an
exemplary embodiment of the present invention, the data
engine 310 sends the encrypted transactions (set T") to the
cloud service provider 320a (Cloud A) (Box 1 in FIG. 4).
FIGS. 5A and 5B respectively illustrate tables 505 and 510
of examples of the set T of transactions, and the set T' of
encrypted transactions sent to Cloud A 320a.

The data 1n encrypted format are hosted at the cloud
database service provider 320aq using an encryption scheme
providing additive homomorphism. According to an
embodiment, Cloud A 320q stores the encrypted transaction
data 1n one or more encrypted databases 321. Cloud database
providers 3205 and 320c¢ (Cloud B and Cloud C) participate
in the system as described further herein below, but do not
host the encrypted transaction data that are available via
Cloud A 320qa. The additive homomorphism property of the
encryption scheme (e.g., Pallier cryptosystem) 1s used dur-

ing the association rule mining process from the encrypted
database 321 hosted on Cloud A 320a.

As noted above, neither Cloud B 3205 nor Cloud C 320c¢
host the encrypted database 321. However, in accordance
with an embodiment of the present invention, the data owner
provides the secret key to Clouds B and C 32056, 320c¢ (see
Box 2 1n FIG. 4). In addition, according to an embodiment
of the present invention, the data owner provides the public
key to the clients 301 and to each of the Clouds A, B and C
320a-c (see Boxes 3 1n FIG. 4). The public and private keys
can be transmitted from the data owner via the data engine
310.

In the event that one or more clients 301 and/or a data
owner wants to check if a particular 1item or itemset 1s
frequent, the data engine 310 will apply the function f over
query items or itemsets (e.g., {bread}, {bread, butter} —={1},
{1, 2}) and will encrypt the query items or itemsets with the
encryption scheme providing additive homomorphism (e.g.,
Paillier), and provides the encrypted query items or 1temsets
as mput to Cloud A 320a. The provision of the encrypted
query items or 1temsets to Cloud A 320a can be directly from
the data engine 310 or via the clients 301 as shown 1n Box
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4 of FIG. 4. The query 1s encrypted using the same public
key which 1s used to encrypt the set T.

In accordance with an embodiment of the invention, for
cach mput, Cloud A 320a, using, for example, a computation
component 323, computes the encrypted addition of the
query 1tems or itemsets (e.g., L, 206 and L, 216) with the
encrypted transactions in the database. This computation 1s
similar to the first part (addition step) 1n connection with the
application of the Apriori algorithm discussed in connection
with FIGS. 2A and 2B (see Box 3 1n FIG. 4). In this case,
because an additive homomorphism encryption scheme,
which allows addition in the encrypted domain, 1s being
used, the addition step 1n connection with application of the
Aprior algorithm can be performed on the encrypted cipher-
text, and still yield an accurate result. Because the data
remain encrypted, Cloud A 320q 1s not computing Count
(the second part of application of the Aprior1 algorithm) like
what 1s discussed 1n connection with FIGS. 2A and 2B.

For each item or itemset, Cloud A 320a (using, for
example, a partition component 325) randomly partitions the
encrypted result of the addition of the encrypted query 1tems
or 1temsets with the encrypted transactions (i.e., the output
from the application of the additive part of the Apriori
algorithm) into at least 2 subsets each comprising a different
portion of the result of the addition of the encrypted query
data with the encrypted transaction data, and sends the two
subsets to Cloud B 32056 and Cloud C 320c¢, respectively (see
Box 6 i FIG. 4). Further, Cloud A 320aq can add some
spurtous data or can add some additive noise to the data
betore sending the partitions to Cloud B 3205 and Cloud C
320c.

The number of subsets can vary based on, for example,
the number of clouds. For example, 1 more than 3 clouds are
used (e.g., Clouds A, B, C and D), the partition component
325 can partition the encrypted transactions 1nto at least 3
subsets to be respectively provided to Clouds B, C and D.
The partitioning of the encrypted transactions provides a
layer of security in addition to the encryption, since the data
are separated and sent to two different clouds. Furthermore,
the clouds do not collude with one another. As a result, if one
of the clouds 1s compromised, a potential hacker 1s only able
to obtain a list of random integers.

In accordance with an embodiment of the present inven-
tion, using, for example, encryption/decryption components
326 and 328, respectively, Cloud B and Cloud C 32054, 320c¢,
which both have the secret key, each decrypt the respective
subsets of the result received from Cloud A 320a after the
partitioning. Using for example, respective computation
components 322 and 324, Clouds B and C then each perform
the second part of the Aprior1 algorithm by computing
partial counts of the appearance of the unique self-sum 1n the
subset transactions for a particular item. The method for
performing the second part of the Aprior1 algorithm 1s
described 1n more detail herein above in connection with
FIGS. 2A and 2B. The appearance of the unique self-sum 1s
determined by, for example, checking 1f the number 1s an
exponent of 2) (see Box 7 in FIG. 4). Using, for example, the
public key, Clouds B and C 32056, 320¢ encrypt the partial
counts using the encryption scheme, and send the encrypted
partial counts back to Cloud A 320a (see boxes 8(a) and 8(bH)
in FIG. 4). The encryption can be performed using, for
example, encryption/decryption components 326 and 328,
respectively.

According to an embodiment of the present invention,
since the encryption scheme being used (e.g., Pallier) has the
additive homomorphic property, Cloud A 320a adds the
encrypted partial counts without having to perform decryp-
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tion. Cloud A 320a sends the encrypted sum and encrypted
min-support (minsup) to either Cloud B 3206 or Cloud C
320c. Cloud B or C decrypts the encrypted sum and
encrypted min-sup, and then determines whether the result-
ing count for each item or itemset 1s greater than minsup. For
counts greater than minsup, Cloud B or C returns a “true”
value to Cloud A to indicate which of the queried 1tems or
itemsets are frequent. Then, Cloud A returns those “true”
values to the clients 301 and/or data owner, 1n connection
with inputted encrypted 1tems or itemsets determined to be
frequent (see Box 9 of FIG. 4).

The above-described sequence of steps completes one
iteration of the Aprior1 algorithm, which verifies whether the
min-support for an item or itemset 1s met or not met. In
accordance with an embodiment of the present invention,
iterations are repeated for each of the singular items 1n a
query set (e.g., L, 206), and for each of the itemsets having
2 or more items (e.g., L., 216). The method continues until
all queried items and 1temsets are explored to determine
whether minsup 1s met.

In accordance with an embodiment of the present mnven-
tion, if the number of 1tems represented 1s very large, then
instead of representing the items in a 1-dimensional flat
structure, a hierarchical representation for the items 1s used,
with different categories in each hierarchy. In non-limiting
illustrative examples, a hierarchal representation may
include relatively general categories, such as clothes and
groceries, and then more specific categories under the gen-
eral categories, such as, for example, shirts and pants, and
fruit and meat, respectively. Other relatively general catego-
ries may be based on use, such as, for example, daily use, or
infrequent use. The actual items will be present 1n the leaf
level (e.g., of a data tree), and a combination of the category
identifiers 1n each level becomes the 1dentifier for the item
at the leaf level. The specific algorithm steps that apply 1n a
1-dimensional representation described herein above are
repeated independently for each category 1n the hierarchy in
the multi-dimensional representation.

FIG. 6 1s a tlow diagram of a process for association rule
mining from encrypted databases, according to an exem-
plary embodiment of the invention. Referring to FIG. 6, the
process 600 includes, at block 601, receiving, at a first cloud
computing environment (e.g., Cloud A 320qa), encrypted
transaction data that are encrypted using an encryption
scheme. The encryption scheme provides additive homo-
morphism, such as, for example, a Pallier encryption
scheme. The transaction data comprise a plurality of com-
binations of two or more elements of a set of elements.

The process 600 also includes, at block 603, receiving, at
the first cloud computing environment, encrypted query data
that are encrypted using the encryption scheme providing
additive homomorphism. The query data comprise at least
an element and/or a combination of two or more elements of
the set of elements, which are the subject of a query. The
query seeks a determination of whether at least the element
and/or the combination of two or more elements 1s frequent.
The process 600 turther includes, at block 605, computing,
addition of the encrypted query data with the encrypted
transaction data. As noted herein, the additive homomor-
phism property of the encryption scheme permits the addi-
tion of encrypted data without preforming decryption.
According to an embodiment of the present invention, the
computing 1s performed at the first cloud computing envi-
ronment.

The process 600 can include determining a mapping of
cach element in the set of elements to respective natural
numbers, wherein a self-sum of each of the respective
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natural numbers 1s unique. Prior to encrypting of the trans-
action data, the transaction data can be transformed into a
plurality of integer combinations based on the mapping.
Prior to encryption of the query data, the query data can be
transformed 1nto one or more integers based on the mapping.

In accordance with an embodiment of the present inven-
tion a secret or decryption key for the encryption scheme 1s
provided to a second cloud computing environment and a
third cloud computing environment, and not to the first cloud
computing environment, while a public key for the encryp-
tion scheme 1s provided to each of the first, second cloud and
third cloud computing environments.

The process 600 may further include partitioning a result
of the addition of the encrypted query data with the
encrypted transaction data into at least two subsets each
comprising a different portion of the result of the addition of
the encrypted query data with the encrypted transaction data.
A first of the at least two subsets 1s transmitted from the first
cloud computing environment to a second cloud computing
environment (e.g. Cloud B 3204), and a second of the at least
two subsets 1s transmitted from the first cloud computing,
environment to a third cloud computing environment (e.g.,
Cloud C 320c¢). The first and the second of the at least two
subsets are decrypted at the second and third cloud com-
puting environments, respectively.

Then, 1n the second cloud computing environment, a first
partial count of the appearance of a unique self-sum of at
least one of the element and the combination of two or more
clements from the query in the first of the at least two subsets
1s computed. Stmilarly, 1n the third cloud computing envi-
ronment, a second partial count of the appearance of a
unique self-sum of at least one of the element and the
combination of two or more elements from the query in the
second of the at least two subsets 1s computed. The com-
puted first and second partial counts are encrypted in the first
and second cloud computing environments using the encryp-
tion scheme. The encrypted computed first and second
partial counts are then transmitted from the second and third
cloud computing environments, respectively, to the first
cloud computing environment.

An addition of the encrypted computed first and second
partial counts 1s performed 1n the first computing environ-
ment without performing a decryption, and an encrypted
result of the addition of the encrypted computed first and
second partial counts 1s transmitted from the first cloud
computing environment to the second or third cloud com-
puting environment. An encrypted mimmimum-support (min-
sup) value 1s also transmitted from the first cloud computing
environment to the second or third cloud computing envi-
ronment.

The encrypted result of the addition of the encrypted
computed first and second partial counts and the encrypted
mimmum-support value are decrypted at the second or third
cloud computing environment where they were transmitted.
Then, a decrypted total count resulting from the addition of
first and second partial counts, and whether the decrypted
total count 1s greater than the minmimum-support value are
determined.

A true value 1s returned to the first cloud computing
environment from the second or third cloud computing
environments 1n response to a determination that the
decrypted total count 1s greater than the mimmum-support
value, and the true value 1s transmitted from the first cloud
computing environment to a client and/or a data owner 1n
response to the query.

The present invention may be implemented via a system,
a method, and/or a computer program product at any pos-
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sible technical detail level of integration. The computer
program product may include a computer readable storage
medium (or media) having computer readable program
instructions thereon for causing a processor to carry out
aspects of the present mnvention.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an
clectronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium 1ncludes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
1s not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

Computer readable program 1nstructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface 1 each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage i a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine 1nstructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, con-
figuration data for integrated circuitry, or either source code
or object code written 1 any combination of one or more
programming languages, including an object oriented pro-
gramming language such as Smalltalk, C++, or the like, and
procedural programming languages, such as the “C” pro-
gramming language or similar programming languages. The
computer readable program instructions may execute
entirely on the user’s computer, partly on the user’s com-
puter, as a stand-alone software package, partly on the user’s
computer and partly on a remote computer or entirely on the
remote computer or server. In the latter scenario, the remote
computer may be connected to the user’s computer through
any type ol network, including a LAN or a WAN, or the
connection may be made to an external computer (for
example, through the Internet using an Internet Service
Provider). In some embodiments, electronic circuitry includ-
ing, for example, programmable logic circuitry, field-pro-
grammable gate arrays (FPGA), or programmable logic
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arrays (PLA) may execute the computer readable program
instructions by utilizing state information of the computer
readable program instructions to personalize the electronic
circuitry, 1n order to perform aspects of the present inven-
tion.

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks 1n the
flowchart 1llustrations and/or block diagrams, can be 1mple-
mented by computer readable program instructions.

These computer readable program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the tlowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function 1n a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified 1 the tlowchart and/or block diagram block or
blocks.

The computer readable program 1nstructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other device to cause a series ol operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer imple-
mented process, such that the istructions which execute on
the computer, other programmable apparatus, or other
device implement the functions/acts specified 1n the tlow-
chart and/or block diagram block or blocks.

The flowchart and block diagrams 1n the Figures 1llustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or
portion ol instructions, which comprises one or more
executable instructions for implementing the specified logi-
cal function(s). In some alternative implementations, the
functions noted in the blocks may occur out of the order
noted 1n the Figures. For example, two blocks shown in
succession may, 1n fact, be executed substantially concur-
rently, or the blocks may sometimes be executed in the
reverse order, depending upon the functionality involved. It
will also be noted that each block of the block diagrams
and/or flowchart illustration, and combinations of blocks in
the block diagrams and/or flowchart illustration, can be
implemented by special purpose hardware-based systems
that perform the specified functions or acts or carry out
combinations ol special purpose hardware and computer
instructions.

One or more embodiments can make use of solftware
running on a general-purpose computer or workstation. With
reference to FIG. 7, in a computing node 710 there 1s a
computer system/server 712, which 1s operational with
numerous other general purpose or special purpose comput-
ing system environments or configurations. Examples of
well-known computing systems, environments, and/or con-
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figurations that may be suitable for use with computer
system/server 712 include, but are not limited to, personal
computer systems, server computer systems, thin clients,
thick clients, handheld or laptop devices, multiprocessor
systems, microprocessor-based systems, set top boxes, pro-
grammable consumer electronics, network PCs, minicom-
puter systems, mainirame computer systems, and distributed
cloud computing environments that include any of the above
systems or devices, and the like.

Computer system/server 712 may be described in the
general context of computer system executable instructions,
such as program modules, being executed by a computer
system. Generally, program modules may include routines,
programs, objects, components, logic, data structures, and so
on that perform particular tasks or implement particular
abstract data types. Computer system/server 712 may be
practiced i distributed cloud computing environments
where tasks are performed by remote processing devices that
are linked through a communications network. In a distrib-
uted cloud computing environment, program modules may
be located 1n both local and remote computer system storage
media including memory storage devices.

As shown in FIG. 7, computer system/server 712 1n
computing node 710 1s shown in the form of a general-
purpose computing device. The components of computer
system/server 712 may include, but are not limited to, one or
more processors or processing units 716, a system memory
728, and a bus 718 that couples various system components
including system memory 728 to processor 716.

The bus 718 represents one or more of any of several
types of bus structures, including a memory bus or memory
controller, a peripheral bus, an accelerated graphics port, and
a processor or local bus using any of a variety of bus
architectures. By way of example, and not limitation, such
architectures include Industry Standard Architecture (ISA)
bus, Micro Channel Architecture (IMCA) bus, Enhanced ISA
(EISA) bus, Video Flectronics Standards Association
(VESA) local bus, and Peripheral Component Interconnects
(PCI) bus.

The computer system/server 712 typically includes a
variety ol computer system readable media. Such media
may be any available media that 1s accessible by computer
system/server 712, and 1t includes both volatile and non-
volatile media, removable and non-removable media.

The system memory 728 can include computer system
readable media 1n the form of volatile memory, such as
RAM 730 and/or cache memory 732. The computer system/
server 712 may further include other removable/non-remov-
able, volatile/nonvolatile computer system storage media.
By way of example only, storage system 734 can be pro-
vided for reading from and writing to a non-removable,
non-volatile magnetic media (not shown and typically called
a “hard drive™). Although not shown, a magnetic disk drive
for reading from and writing to a removable, non-volatile
magnetic disk (e.g., a “floppy disk™), and an optical disk
drive for reading from or writing to a removable, non-
volatile optical disk such as a CD-ROM, DVD-ROM or
other optical media can be provided. In such instances, each
can be connected to the bus 718 by one or more data media
interfaces. As depicted and described herein, the memory
728 may include at least one program product having a set
(e.g., at least one) of program modules that are configured to
carry out the functions of embodiments of the invention. A
program/utility 740, having a set (at least one) of program
modules 742, may be stored in memory 728 by way of
example, and not limitation, as well as an operating system,
one or more application programs, other program modules,
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and program data. Each of the operating system, one or more
application programs, other program modules, and program
data or some combination thereof, may include an 1mple-
mentation of a networking environment. Program modules
742 generally carry out the functions and/or methodologies
of embodiments of the mvention as described herein.

Computer system/server 712 may also communicate with
one or more external devices 714 such as a keyboard, a
pointing device, a display 724, etc., one or more devices that
enable a user to interact with computer system/server 712,
and/or any devices (e.g., network card, modem, etc.) that
enable computer system/server 712 to communicate with
one or more other computing devices. Such communication
can occur via I/O mterfaces 722. Still yet, computer system/
server 712 can communicate with one or more networks
such as a LAN, a general WAN, and/or a public network
(c.g., the Internet) via network adapter 720. As depicted,
network adapter 720 communicates with the other compo-
nents of computer system/server 712 via bus 718. It should
be understood that although not shown, other hardware
and/or solftware components could be used in conjunction
with computer system/server 712. Examples include, but are
not limited to, microcode, device drivers, redundant pro-
cessing units, external disk drive arrays, RAID systems, tape
drives, and data archival storage systems, eftc.

It 1s to be understood that although this disclosure
includes a detailed description on cloud computing, imple-
mentation of the teachings recited herein are not limited to
a cloud computing environment. Rather, embodiments of the
present 1nvention are capable of being implemented in
conjunction with any other type of computing environment
now known or later developed.

Cloud computing 1s a model of service delivery for
enabling convenient, on-demand network access to a shared
pool of configurable computing resources (e.g., networks,
network bandwidth, servers, processing, memory, storage,
applications, virtual machines, and services) that can be
rapidly provisioned and released with minimal management
ellort or interaction with a provider of the service. This cloud
model may include at least five characteristics, at least three
service models, and at least four deployment models.

Characteristics are as follows:

On-demand seli-service: a cloud consumer can unilater-
ally provision computing capabilities, such as server time
and network storage, as needed automatically without
requiring human interaction with the service’s provider.

Broad network access: capabilities are available over a
network and accessed through standard mechanisms that
promote use by heterogeneous thin or thick client platforms
(e.g., mobile phones, laptops, and personal digital assistants
(PDASs)).

Resource pooling: the provider’s computing resources are
pooled to serve multiple consumers using a multi-tenant
model, with different physical and virtual resources dynami-
cally assigned and reassigned according to demand. There 1s
a sense of location independence in that the consumer
generally has no control or knowledge over the exact
location of the provided resources but may be able to specity
location at a higher level of abstraction (e.g., country, state,
or datacenter).

Rapid elasticity: capabilities can be rapidly and elastically
provisioned, in some cases automatically, to quickly scale
out and rapidly released to quickly scale in. To the consumer,
the capabilities available for provisioning oiten appear to be
unlimited and can be purchased 1n any quantity at any time.

Measured service: cloud systems automatically control
and optimize resource use by leveraging a metering capa-
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bility at some level of abstraction appropriate to the type of
service (e.g., storage, processing, bandwidth, and active user
accounts ). Resource usage can be monitored, controlled, and
reported, providing transparency for both the provider and
consumer of the utilized service.

Service Models are as follows:

Software as a Service (SaaS): the capability provided to
the consumer 1s to use the provider’s applications runming on
a cloud infrastructure. The applications are accessible from
various client devices through a thin client interface such as
a web browser (e.g., web-based e-mail). The consumer does
not manage or control the underlying cloud infrastructure
including network, servers, operating systems, storage, or
even individual application capabilities, with the possible
exception of limited user-specific application configuration
settings.

Platform as a Service (PaaS): the capability provided to
the consumer 1s to deploy onto the cloud infrastructure
consumer-created or acquired applications created using
programming languages and tools supported by the provider.
The consumer does not manage or control the underlying
cloud infrastructure including networks, servers, operating
systems, or storage, but has control over the deployed
applications and possibly application hosting environment
configurations.

Infrastructure as a Service (laaS): the capability provided
to the consumer 1s to provision processing, storage, net-
works, and other fundamental computing resources where
the consumer 1s able to deploy and run arbitrary software,
which can include operating systems and applications. The
consumer does not manage or control the underlying cloud
inirastructure but has control over operating systems, stor-
age, deployed applications, and possibly limited control of
select networking components (e.g., host firewalls).

Deployment Models are as follows:

Private cloud: the cloud infrastructure 1s operated solely
for an organization. It may be managed by the organization
or a third party and may exist on-premises or ofl-premises.

Community cloud: the cloud infrastructure 1s shared by
several organizations and supports a specific community that
has shared concerns (e.g., mission, security requirements,
policy, and compliance considerations). It may be managed
by the organizations or a third party and may exist on-
premises or oil-premises.

Public cloud: the cloud mfrastructure 1s made available to
the general public or a large industry group and 1s owned by
an organization selling cloud services.

Hybrnd cloud: the cloud infrastructure 1s a composition of
two or more clouds (private, community, or public) that
remain unique entities but are bound together by standard-
1zed or proprietary technology that enables data and appli-
cation portability (e.g., cloud bursting for load-balancing
between clouds).

A cloud computing environment 1s service oriented with
a focus on statelessness, low coupling, modularnty, and
semantic interoperability. At the heart of cloud computing 1s
an infrastructure that includes a network of interconnected
nodes.

Referring now to FIG. 8, illustrative cloud computing
environment 850 1s depicted. As shown, cloud computing
environment 850 includes one or more cloud computing
nodes 810 with which local computing devices used by
cloud consumers, such as, for example, a PDA or a cellular
telephone 854 A, a desktop computer 8548, a laptop com-
puter 854C, and/or an automobile computer system 834N
may communicate. Nodes 810 may communicate with one
another. They may be grouped (not shown) physically or
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virtually, 1n one or more networks, such as Private, Com-
munity, Public, or Hybrid clouds as described hereinabove,
or a combination thereof. This allows cloud computing
environment 850 to offer infrastructure, platforms and/or
software as services for which a cloud consumer does not
need to maintain resources on a local computing device. It
1s understood that the types of computing devices 854 A-N
shown 1n FIG. 8 are intended to be illustrative only and that
computing nodes 810 and cloud computing environment
850 can communicate with any type of computerized device
over any type of network and/or network addressable con-
nection (e.g., using a web browser).

Referring now to FIG. 9, a set of functional abstraction
layers provided by cloud computing environment 850 (FIG.
8) 1s shown. It should be understood 1n advance that the
components, layers, and functions shown i FIG. 9 are
intended to be illustrative only and embodiments of the
invention are not limited thereto. As depicted, the following
layers and corresponding functions are provided:

Hardware and software layer 960 includes hardware and
soltware components. Examples of hardware components
include: mainirames 961; RISC (Reduced Instruction Set
Computer) architecture based servers 962; servers 963;
blade servers 964; storage devices 963; and networks and
networking components 966. In some embodiments, soft-
ware components include network application server soft-
ware 967 and database software 968.

Virtualization layer 970 provides an abstraction layer
from which the following examples of virtual entities may
be provided: virtual servers 971; virtual storage 972; virtual
networks 973, including virtual private networks; virtual
applications and operating systems 974; and virtual clients
975.

In one example, management layer 980 may provide the
functions described below. Resource provisioning 981 pro-
vides dynamic procurement of computing resources and
other resources that are utilized to perform tasks within the
cloud computing environment. Metering and Pricing 982
provide cost tracking as resources are utilized within the
cloud computing environment, and billing or mvoicing for
consumption of these resources. In one example, these
resources may include application software licenses. Secu-
rity provides 1dentity verification for cloud consumers and
tasks, as well as protection for data and other resources. User
portal 983 provides access to the cloud computing environ-
ment for consumers and system admimistrators. Service level
management 984 provides cloud computing resource allo-
cation and management such that required service levels are
met. Service Level Agreement (SLA) planning and fulfill-
ment 985 provide pre-arrangement for, and procurement of,
cloud computing resources for which a future requirement 1s
anticipated 1n accordance with an SLA.

Workloads layer 990 provides examples of functionality
tor which the cloud computing environment may be utilized.
Examples of workloads and functions which may be pro-
vided from this layer include: mapping and navigation 991;
soltware development and lifecycle management 992; vir-
tual classroom education delivery 993; data analytics pro-
cessing 994; transaction processing 993; and association rule
processing 996, which may perform various functions
described above with respect to system 300.

Advantageously, embodiments of the present invention
permit association rule mining from encrypted databases by
utilizing an encryption scheme which provides additive
homomorphism. The encryption scheme 1s also non-deter-
minstic. Security of data 1s enhanced by the implementation
of the embodiments of the present invention because, unlike
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conventional methods, encrypted data do not need to be
decrypted prior to computing the addition of query and
transaction data, or when adding encrypted partial counts to
determine whether elements are frequent in connection with
the performance of an Aprion algorithm. Furthermore, the
embodiments of the present invention utilize at least three
federated cloud computing environments, which do not
collude with each other. Unlike conventional arrangements,
security 1s enhanced due to a first one of the cloud comput-
ing environments which does not decrypt the data and which
performs computations (e.g., addition) on encrypted data,
while the second and third cloud computing environments
decrypt part of the data without receiving other parts of the
data. Accordingly, the association rules mined and the
minimum threshold on support and confidence of the fre-
quent 1temset are not known to the database server (e.g., first
cloud computing environment).

The descriptions of the various embodiments of the
present i1nvention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found i1n the marketplace, or to enable others of

ordinary skill in the art to understand the embodiments
disclosed herein.

The mvention claimed 1s:

1. A computer-implemented method, comprising;:

determining a mapping ol each eclement 1 a set of
clements to respective natural numbers, wherein a
self-sum of each of the respective natural numbers 1s
unique;

transforming transaction data into a plurality of integer
combinations based on the mapping, wherein the trans-
forming 1s performed prior to encrypting of the trans-
action data, and wherein the transaction data comprise
a plurality of combinations of two or more elements of
the set of elements;

receiving, at a first cloud computing environment, the
encrypted transaction data that are encrypted using an
encryption scheme which provides additive homomor-
phism;

recerving, at the first cloud computing environment,
encrypted query data that are encrypted using the
encryption scheme, wherein the query data comprise at
least one of an element and a combination of two or
more elements of the set of elements which are the
subject of a query seeking a determination of whether
at least one of the element and the combination of two
or more elements 1s frequent;

computing addition of the encrypted query data with the
encrypted transaction data;

partitioning a result of the addition of the encrypted query
data with the encrypted transaction data into at least
two subsets comprising different portions of the result
of the addition;

transmitting a {irst of the at least two subsets from the first
cloud computing environment to a second cloud com-
puting environment; and

transmitting a second of the at least two subsets from the
first cloud computing environment to a third cloud
computing environment.
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2. The computer-implemented method of claim 1,
wherein the encryption scheme comprises Pallier encryp-
tion.

3. The computer-implemented method of claim 1, further
comprising:

transforming the query data into one or more integers

based on the mapping, wherein the transforming i1s
performed prior to encrypting of the query data.

4. The computer-implemented method of claim 1, further
comprising;

providing a secret key for the encryption scheme to the

second cloud computing environment and the third
cloud computing environment.

5. The computer-implemented method of claim 4, further
comprising:

providing a public key for the encryption scheme to each

of the first cloud, second cloud and third cloud com-
puting environments.

6. The computer-implemented method of claim 1, further
comprising:

encrypting the computed first and second partial counts

using the encryption scheme; and

transmitting the encrypted computed first and second

partial counts from the second and third cloud com-
puting environments, respectively, to the first cloud
computing environment.

7. The computer-implemented method of claim 6, further
comprising:

computing, in the first cloud computing environment, an

addition of the encrypted computed first and second
partial counts without performing a decryption.

8. The computer-implemented method of claim 7, further
comprising;

transmitting an encrypted result of the addition of the

encrypted computed first and second partial counts
from the first cloud computing environment to one of
the second and third cloud computing environments.

9. The computer-implemented method of claim 8, further
comprising:

transmitting an encrypted mimimum-support value from

the first cloud computing environment to said one of
the second and third cloud computing environments.
10. The computer-implemented method of claim 9, fur-
ther comprising:
decrypting the encrypted result of the addition of the
encrypted computed first and second partial counts;

determining a decrypted total count resulting from the
addition of first and second partial counts at said one of
the second and third cloud computing environments;
and

determining whether the decrypted total count 1s greater

than the mimimum-support value at said one of the
second and third cloud computing environments.

11. The computer-implemented method of claim 9, further
comprising:

decrypting the encrypted minimum-support value at the

one of the second and third cloud computing environ-
ments.

12. The computer-implemented method of claim 10, fur-
ther comprising transmitting a true value to the first cloud
computing environment from said one of the second and
third cloud computing environments 1n response to a deter-
mination that the decrypted total count i1s greater than the
mimmum-support value.

13. The computer-implemented method of claim 12, fur-
ther comprising transmitting the true value from the first
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cloud computing environment to at least one of a client and
a data owner 1n response to the query.
14. A computer program product, the computer program
product comprising a computer readable storage medium
having program instructions embodied therewith, the pro-
gram 1nstructions executable by a device to cause the device
to:
determine a mapping of each element 1n a set of elements
to respective natural numbers, wherein a self-sum of
cach of the respective natural numbers 1s unique;

transform transaction data ito a plurality of integer
combinations based on the mapping, wherein the trans-
forming 1s performed prior to encrypting of the trans-
action data, and wherein the transaction data comprise
a plurality of combinations of two or more elements of
the set of elements;

recerve the encrypted transaction data that are encrypted

using an encryption scheme which provides additive
homomorphism;

receive encrypted query data that are encrypted using the

encryption scheme, wherein the query data comprise at
least one of an element and a combination of two or
more elements of the set of elements which are the
subject of a query seeking a determination of whether
at least one of the element and the combination of two
or more elements 1s frequent;

compute addition of the encrypted query data with the

encrypted transaction data;

partition a result of the addition of the encrypted query

data with the encrypted transaction data into at least
two subsets comprising different portions of the result
of the addition;

transmit a first of the at least two subsets from a first cloud

computing environment to a second cloud computing
environment; and

transmit a second of the at least two subsets from the first

cloud computing environment to a third cloud comput-
Ing environment.

15. A system comprising;:

a memory; and

at least one processor coupled to the memory and con-

figured for:

determining a mapping of each element mn a set of
clements to respective natural numbers, wherein a
self-sum of each of the respective natural numbers 1s
unique;

transforming transaction data into a plurality of integer
combinations based on the mapping, wherein the
transforming 1s performed prior to encrypting of the
transaction data, and wherein the transaction data
comprise a plurality of combinations of two or more
elements of the set of elements;

receiving the encrypted transaction data that are
encrypted using an encryption scheme which pro-
vides additive homomorphism;

receiving encrypted query data that are encrypted using
the encryption scheme, wherein the query data com-
prise at least one of an element and a combination of
two or more elements of the set of elements which
are the subject of a query seeking a determination of

whether at least one of the element and the combi-
nation of two or more elements 1s frequent;

computing addition of the encrypted query data with
the encrypted transaction data;
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partitioning a result of the addition of the encrypted
query data with the encrypted transaction data into at
least two subsets comprising different portions of the
result of the addition;
transmitting a first of the at least two subsets from a first
cloud computing environment to a second cloud
computing environment; and
transmitting a second of the at least two subsets from
the first cloud computing environment to a third
cloud computing environment.
16. A computer-implemented method, comprising:
encrypting transaction data using an encryption scheme
which provides additive homomorphism, wherein the
transaction data comprise a plurality of combinations of
two or more elements of a set of elements;
transmitting the encrypted transaction data to a first cloud
computing environment;
receiving a query seeking a determination of whether at
least one of an element and a combination of two or
more elements of the set of elements 1s frequent;
encrypting query data using the encryption scheme,
wherein the query data comprise at least one of the
clement and the combination of two or more elements
which are the subject of the query;
transmitting the encrypted query data to the first cloud
computing environment;
computing addition of the encrypted query data with the
encrypted transaction data in the first cloud computing

environment;
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partitioning a result of the addition of the encrypted query
data with the encrypted transaction data into at least
two subsets comprising different portions of the result
of the addition;

transmitting a {irst of the at least two subsets from the first
cloud computing environment to a second cloud com-
puting environment;

transmitting a second of the at least two subsets from the
first cloud computing environment to a third cloud
computing environment;

decrypting the first and the second of the at least two
subsets at the second and third cloud computing envi-
ronments, respectively

computing, in the second cloud computing environment,
a first partial count of the appearance of a unique
self-sum of at least one of the element and the combi-

nation of two or more elements from the query in the
first of the at least two subsets; and

computing, 1n the third cloud computing environment, a
second partial count of the appearance of a unique
self-sum of at least one of the element and the combi-
nation of two or more elements from the query in the
second of the at least two subsets;

wherein the steps are carried out by at least one computing
device.
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